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The noninvasive measurement of left ventricular filling has
relied predominantly on adionudide-derived peak filling
rate normalized to end-diastolic volume . Doppler echocar-
diography also has the ability to measure peak filing rate,
but wide application of this technique has been limited by
technical errors involved in quantitative echoeardiogaphic
determination of mital antes cross-sectional area and
ventricular volumes.
For Doppler echocardiography, normalization of peak
filling rate to mitaral stroke volume rather than end-diastolic
volume permits the derivation of a diastolic filling index
that is relatively free of errors caused by geometric assump-
tions, diameter measurements and sample vcdume position-
ing. This normaliation process an be achieved by simply
dividing early peak filling velocity by the time velocity
Integral of mitral inflov .
To validate this new Doppler echocardiagraphic filling
index, Doppler echoeardiographic and radionuclide .
derived peak filling rate, both normalized to mitral stroke
volume, were compared in 30 patients ; there was an
excellent correlation (r = 0 .91, SEE = 0.1{8). This variable
With the realization that measurement of diastolic function
provides important complementary inrormatioo to tradi-
tional indexes of systolic function (1-4) . increasing interest is
being shown in the noninvasive measurement of left ventric-
ular filling by Doppler echocardiography (5-7) and radionu-
clide angiography (8-12). The most extensively studied
filling variable utilized by these techniques is peak filling
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was not influenced by the position of the sample volume in
relation to the miiral apparatus in contrast to early filling
velocity . which increased 37%, and earlyllate filling (F/A)
ratio, which increased 43% as the sample volume was
moved from the annlus to the tips of the mural leaflets . In
a cohort of 22 normal patients, the atraar peak filling rate
normalized to mural stroke volume (SV) was 5 .25 ± 1 .47
SVIs. The mean peak filling rate for a subgroup of eight
normal patients aged 57 to 09 years baron 71 t 9) was 3 .9
t I SVIs .
In eonclusion, ,3orenalizatioo of peak filling ate to
mural stroke volume minimizes technical errors involved in
measuring Doppler echneardiographie peak filling rat ., in
the same fashion that normalization to end-diastolic volume
minimizes technical errors involved in radionuclide al
graphic measurement of peak filling rate. For this reason,
peak filling rate normalized to mitral stroke volume may
provide a more reliable and reproducible method for
assessing left ventricular filling . Further studies are re-
quired to assess the clinical relevance of this new index .
(J Am Coll Cardiol 1988;12:937-43)
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rate, which has been demonstrated to be a useful index for
evaluating diastolic function and for assessing the effect of
therapeutic interventions (10-12) .
By convention, radionuclide peak filling rate has been
normalized to end-diastolic volume to derive a filling index
that eliminates errors involved in converting counts to
absolute volume . Doppler echocardiographic peak filling
rate can be normalized to end-diastolic volume (5 6) or can
be expressed in absolute volume (5,6) .
Both of these meth-
ods, however, have limitations. Expression of peak filling
rate in absolute volume does not account for cardiac output
and involves errors relating to measurement of the mural
anulus cross-sectional area (5-7)
. Normalization to end-
diastolic volume propagates these errors because of further
diameter measurements and geometric assumptions
regard-
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ing ventricular volumes (5) . These inherent methodologic
problems have resulted in difficulty in selecting the most
appropriate Doppler echocardiographic method for the non-
invasive measurement of peak filling rate and poor correla-
tions when Dopolei echocardiographic- and radionuclide-
derived peak filling rate are compared (6).
To overcome these problems, we propose that Doppler
echocardiographically derived peak filling rate should be
normalized to mitral stroke volume
. This normalization
process overcomes a major technical obstacle by eliminating
errors involved in diameter measurements and geometric
assumptions and derives an index that takes into account the
integrated diastolic mitral flow velocity . The purpose of this
study was to validate a method for deriving Doppler echo-
cardiographic peak filling rate normalized to mitral stroke
volume and to examine the potential advantages of this
normalization process for Doppler echocardiographic- and
radionuclide-denved peak filling rate .
Methods
Study patients . The study group consisted of 30 consec-
utive patients undergoing routine equilibrium radionuclide
angiography for assessment of cardiac function . Patients
with aortic regurgitation and patients not in sinus rhythm
were excluded. The mean age was 62 ± 12 years and mean
radionuclide ejection fraction was 52 ± 18% (range 5 to 74) .
The Doppler echocardiographic study was performed imme-
diately before the radionuclide study in all patients. The
clinical indications for the study were assessment of hyper-
tension in 6 patients, ischemic heart disease in 12, cardio-
myopathy in 2, adriamycin therapy in 4, pulmonary edema in
2, aortic stenosis in I, arrhythmias in 2 and chronic renal
failure in 1 .
To deter mine the normal range of values for peak filling
rate normalized to mitral stroke volume and to assess the
influence of age on this variable, we examined an additional
22 clinically normal patients (mean age 46 ± 21 years, range
18 to 89) with the use of two-dimensional Doppler echocar-
diography . Of the 22 normal patients, 12 were normal
volunteers and 10 were outpatients referred for two-
dimensional echocardiography . The clinical indications for
the echocardiogram in the 10 outpatients were exclusion of
mitral valve prolapse in 3, syncope in 2, assessment of
valvular function in 3, presence of exclusion of endocarditis
in I and presence of transient ischemic attack in 1 . All of the
patients had normal two-dimensional and Doppler echocar-
diograms.
None of the normal patients had symptoms of
dyspnea or a.Tgina .
Derivation of the foro.alo for Doppler echocardiographic
peak filling rate normalized to mitral stroke volume . Abso-
lute peak filling rate (PFR) can be derived by multiplying
early peak filling velocity (V) by mitral anulus cross-
sectional area (CSA), i.e . .
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PER (mI/s) = V (ants) x CSA (cm5) . It]
To derive peak filling rate normalized to mitral stroke
volume, absolute peak filling rate is divided by mitral stroke
volume (SV)
where tl = time of mitral valve opening and t2 = time at
end-diastole,
PFR (SVIs) =
V (cm/s)
x
CSA(em)
14)
TVi (cm) x CSA (cm')
where TVI = time-velocity integral of mitral inflow
. After
cancellation of terms,
PFR (SVls) = V (ants) 151
TVI(cm)
Doppler examinalioo
. The ultrasound examination was
performed with a Hewlett-Packard (model 77020A) Doppler
imaging system and was separately analyzed by an operator
unaware of the radionuclide results. For Doppler measure-
ment of peak filling rate an apical four chamber view was
obtained . The sample volume was positioned at the level of
the mitral anulus and aligned so that the angle between the
ultrasound beam and the blood flow vector was as close to
zero as possible . The mitral Rnulus diameter was measured
at the insertion of the anterior and posterior mitral leaflets
and cross-sectionai area calculated assuming a circular
shape of the anulus (13)
. The sample volume (5 mm in length)
was positioned at the level of the mitral anulus and mitral
inflow velocity curves were recorded on videotape at 100
mm/s . Velocity curves from 5 cycles were traced after the
most intense portion of the velocity profile and the areas
were determined by planimetry and averaged with use of an
off-line computer system .
Peak filling rate was derived in absolute terms and was
also normalized to mitral stroke volume for comparison with
radionuclide angiography
.
Early peak filling velocity was
identified as the maximal deflection in the velocity profile
before the onset of atria) contraction (Fig. 1) . Late peak
filling velocity was defined as the maximal deflection after
diastasis occurring in the second half of
diastole . Absolute
peak filling rate, in milliliters per second, was derived using
equation I . Peak filling rate normalized to mitral stroke
volume was derived using equation 5 . The ratio of early and
Because
V (cm/s) x CSA (cm°)
121PFR (SVIs) =
SV(m0
C
SV = CSA x
f,
V dt,
(3)
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Figure 1 . Doppler vc .ocity profile: V, = early peak filling velocity ;
V_ = late peak filling velocity : dotted area = time-velocity integral .
late peak filling velocity
(E/A
ratio) was derived by dividing
early by late peak filling velocity .
To
assess the influence of sample rolune position on
mitral inf ou , velocities . 10 patients (mean age 52 ± 22 years)
with an echocardiographically normal mitral valve were
examined. Five of these patients were normal . two had
aortic stenosis, two had ischemic heart disease and one had
concentric left ventricular hypertrophy. The sample volume
was positioned at the plane of the mural anulus and velocity
curves recorded. The sample volume was then moved to the
tips of the mitral leaflets and velocity curves again recorded .
Peak filling rate normalized to mitral stroke volume . E/A
ratio and early peak velocity were calculated from an aver-
age of five velocity profiles at the two different positions .
Radionuclide derivation of peak filling rate . Radionuclide
angiography was performed on all patients with use of
standard in vivo-in vitro red blood cell labeling techniques .
Gated list mode studies were acquired on 15 patients and
frame mode studies were acquired on the remaining 15 . All
studies were formatted at 16 frames per cardiac cycle : a
previously validated time-dependent background subtrac-
tion method was used to derive the raw time-activity curve .
The time-activity curve was smoothed and interpolated
using truncated four harmonic Fourier series . This method
has been compared with high temporal resolution acquisi-
tions using the nuclear probe (14) . and good correlations
have been found with no differences in calculated peak filling
rate seen when framing rates were increased from 16 to 64
frames per cardiac cycle. Peak filling rate was derived as the
maximal change in counts in the first half of diastole and was
normalized to both end-diastolic counts and stroke counts
that are proportional to volume .
Statistics. Mean values and SD of data groups are re-
ported . Paired t tests were used to assess significant differ-
BOWMAN El AL
	
9 39
PE AY-rI1 .I .1NG a srE aue\rurtZEDio %11ToA1, wetter VOLnME
coves 1<11 .0'1 between filling variables measured al the
mitral anulus compared with the leallet tips. Linear regres-
sion performed with a least squares method was used to
assess comparisons between data groups . A r test was used
to compare the regression lines of the list mode and frame
mode studies . The i value was ca
lculated as the difference of
the regression slopes divided by the standard error of
the
difference of the regression slopes .
Results
Comparison between Doppler and radionuclide peak tilling
rate [fable I). Mean Doppler peak filling rate data normal-
.zed to mitral stroke volume for the group of 30 patients was
4.43 z 2 .04 (range 2 .27 to 10.05) . When Doppler and
radionuclide peak filling rate normalized to mitral stroke
volume were compared (Fig . 2), the correlation was excel-
lent (r - 0.91 . SEE = 0 .88) with the line of identity virtually
coincident with the regression line (y = 1 .01 x - 0.04) . When
frame mode and list mode acquisitions reformatted with heat
rejection were separately analyzed, the correlation between
Doppler peak filling rate (SVls) and radionuclide peak filling
rate ISVIst was r = 0
.90, SEE = 1 .08 for the list mode
acauisilions and r = 0 .92 .
SEE = 0
.68 for the frame mode
acquisitions . There was no significant difference between, the
slopes of the regression lines for the two correlations .
There was a poor correlation between radionuclide peak
filling rate normalized to end-diastolic volume and radionu-
clide peak filling rate normalized to mitral stroke volume Ir =
0 .251 (Fig. 3) . Two patients had a high filling rate when the
rate was normalized to mitral stroke volume but an abnor-
mally low peak filling rate when it was normalized to
end-diastolic volume. Both of these patients had rer.uced left
ventricular function associated with mitral regurgitation.
When nuclear peak filling rate normalized to end-diastolic
volume was compared with absolute Doppler peak filling
rate expressed in milliliters per second, there was no corre-
lation (r = 0.07),
Influence or sample volume position on filling variables
liable 2)
.
As the sample volume was moved from the mitral
anulus to the leaflet tips, there was no significant change in
peak idling rate normalized to mitral stroke volume . There
was . however, a 43% increase in
EJA ratio and a 3717,
increase in early peak velocity . The time-velocity integral
frequently increases as the sample volume is moved from the
mitral anulus to the tips of the mitral leaflets despite a
constant stroke volume because the cross-sectional area at
the tips is less than that at the anulus . This finding would be
troublesome only if the time-velocity integral at the leaflet
tips were multiplied by mitral anulus cross-sectional area,
which could occur if the Operator was unaware of sample
volume movement that may be caused by respiratory move-
ment . On the equipment used, the operator had frequent
9 40 BOWMAN ET AL
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Table I . Individual Values for F
;Iling Variables in 30 Patients
Case Age
No. Diagnosis (yr)
DOPSV RNASV RNAEDV EF(R,)
CABG = coronary artery bypass graft ; CAD = coronary artery disease ; CHF = congestive heart failure
; DOP SV = Doppler peak filling rote normalized to
minel stroke volume ; EF - ejection faction; MI = myocardial infarction ; Pain = pulmonary ; RNA EDV = radionuclide peak filling rate normalized 1 .
c
.1-diastolic volume ; RNA SV = radionuclide peak filling ate normalized to stroke volume.
image updates (every 5 cycles) of sample position while the
Doppler signal was being acquired .
Relation between age and peak filling rate normalized to
mitral stroke volume. The mean peak filling rate normalized
to mitral stroke volumes for the group of normal subjects
Figure 2
.
Relation between Doppler echocardiographic- and radio-
nuclide-derived peak filling rate (PFR) normalized to mitrol stroke
volume
.
was 5 .25 *- 1 .47 SV/s . As previously reported with other
filling variables (15,16), there was a linear relation between
peak filling rate normalized to mitral stroke volume and age
(r = -0.72, y = - 0.05x + 7 .6, SEE = 1 .1 SV/s) (Fig . 4). The
mean peak filling rate for 14 patients aged 18 to 45 years
Figure 3. Relation between radionuclide-derived peak filling rate
(PFR) normalized to end-diastolic volume (EDV) and radionuclide
peak filling rate normalized to mitrol stroke volume (SV).
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Pre-addamycin 47 6.34 4.98 2.74 55
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6
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.48 1 .79 40
6 Renal failure 50 10
.05 9.79 1.86 19
7
Arrhythmia
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8
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69 3.43 4.27 1 .11 26
9 Unstable angina
52 4 .30 4.79 2.49 52
10 CHF 83
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I I
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. stable
86 4 .40 4.53 2.04 45
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1
.20 3.05 2.26
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Il Pre-adriamycin 56 4 .99 3.40
2.21 65
14 Pulm hypertension 42 3
.45 4.11 1.56 38
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Angina 68 4 .50 4 .58 2.98 65
16 CAD, stable 63 4 .50 3.64 2.15
59
I7 Post CABG isehemia 52 7.10 7 .74
3 .98 55
I8 Ischemic hn dsc 77 5 .20
5.83 3 .09 53
19 Non-Q wave MI 78 3
.50 2 .23 0 .87 39
20
Aortic stenosis 71 2 .27 1.52 1 .89 73
21 Arrhythmia 59 3 .10 3 .80 2 .66 70
22 Hypertension 74 3 .75 3 .37 1 .65
49
23 Hyoertensinn 65
2.85 2.68
2
.09 78
24 Pre-adriamyoin 43 6
.92 6 .74 3
.91
58
25 Hypedension 65 2.95 3 .37
2.36 70
26
Hypertension
65
3
.76
3 .00 1
.70 57
27 Angina
69
5.23 5
.05
2.88 57
28 Unstable angina 68 3.63 4.78 3 .06 64
29 CAD, stable 63 3.03 3.26 2.25 69
30 Cardiomyopalhy 66 3.06 2.70 0.57 21
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Table 2. Filling Indexes as Measured at the Mitral Arabs and at
the Leaflet Tips in 30 Patients
Anulus
	
Leaflet
Tips 7. Change P Value
EPV 43 x 14 58 a 15 37 '00 .001
FJA ratio 1 .2 x 0 .75 1 .72 -_ 1 .12 43 -0.005
PFR ISV/sl 5.06 0 I .6 541 . 1 .5 I na
FJA ratio = peak early to late filling velocity ratio : Fry = early peak
filling
veleaity IaNa)
:
PFR =
peak
filling rate normalized m milral stroke
volume: SV = stroke volume.
(mean 32 m 8) was 6 .0 ± 1 .2 SVIs and the mean pea& filling
rate for 8 patients aged 57 to 89 years (mean 71 ± 9) was 3
.9
± I SVIs .
Discussion
Radionuclide angiography has become an accepted stan-
dard for the noninvasive diagnosis of left ventricular filling
abnormalities because of its reproducibility and ability to
identify patients with abnormal diastolic filling
(1 .2,8-12) .
Doppler echocardiography can also be used to assess left
ventricular filling (5-7) and has potential advantages over
radionuclide angiegraphy in that it can readily measure beat
to beat filling, can more accurately measure the atria) con-
tribution to left ventricular filling, can be performed without
radiation exposure at a lower cost and allows serial measure-
ments of peak filling rate over days and weeks . The mea-
surement of peak filling rate by Doppler echocardiography,
however, has been limited by technical problems relating to
initial anulus cross-sectional area measurement (6) and
difficulty with normalization requirements .
Advantages of normalizing peak filling rate to mitral stroke
volume. Normalization to initial stroke volume allows the
derivation of a Doppler echocardiographic peak filling index
that is calculated entirely from mitral inflow velocity and is
therefore independent of diameter measurements and geo-
metric assumptions . Because initial inflow velocities are
highly reliable and reproducible (13). this ability overcomes
Figure 4. Relation between age and peak filling rate (PFR) normal-
ized to milral stroke volume (SV).
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a previous major technical obstacle and allows a more
reliable Doppler assessment of peak filling rate . Alignment of
the ultrasound beam parallel to the presumed blood flow
vector is also not critical because early peak velocity and
time-velocity integral are equally influenced by alignment
errors . thus leaving the ratio unaffected . The ease of com-
parison with adionuclide techniques is another advantage of
this method in that it allows both practical comparison
between Doppler echocardiographic- and radionuclide-
derived peak filling rate and serial measurement of peak
filling rate by either of these two commonly used techniques .
Retrospective derivation of radionuclide peak filling rate
normalized to mitral stroke volume can be calculated by
simply dividing peak filling rate normalized to end-diastolic
volume by the ejection fraction.
The independence of
this index
from sample volume
position is another strength of our proposed normalization
method
Errors in measuring Doppler echocardiographic
peak filling rate may inadvertently occur because of respira-
tory movement and movement of the heart in relation to the
sample volume during the cardiac cycle . As the sample
volume is moved from the anulus to the tips of the mitral
leaflets, an increase in velocity is often seen . This increase
would result in an erroneously high absolute peak filling rate
if multiplied by the initial anulus cross-sectional area . We
have shown that peak filling rate normalized to mural stroke
volume is not affected by sample volume position, whereas a
37% increase is seen in early peak velocity and a 43%
increase occurs in E/A ratio as the sample volume is moved
from the anulus to the leaflet tips . Although the E/A ratio
shares some of the advantages that accrue to peak filling rate
normalized to initial stroke volume, it is markedly influenced
by heart rate (17) and sample volume positioning (18)
.
Another major benefit of this technique is that it derives a
filling index that accounts for cardiac output independent of
end-diastolic volume,
an advantage that is equally pertinent
to radionuclide techniques. Hammermeister and Warbasse
(19) showed that in a normal population there was a close
linear correlation between absolute peak filling rate (mlls)
and both stroke volume (r = 0
.95) and end-diastolic volume
(r = 0.92) . Our study also showed that the values of the
majority of patients with heart disease fell above the normal
regression line when absolute peak filling rate was compared
with both end-diastolic volume and stroke volume, indicat-
ing that normalization to either of these variables was
equally effective in identifying patients with heart disease .
Normalization to end-diastolic volume has been employed in
many centers out of convention rather than for reasons
based on rigorous examination of its advantages over other
normalization techniques. Indeed, normalization to end-
diastolic volume may mask early filling behavior in patients
with mitral regurgitation or cardiomyopathy, in which end-
diastolic volume may be markedly increased. In these pa-
tients, peak filling rate normalized to end-diastolic volume
may be below normal despite normal or high absolute peak
942
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filling. In this setting it may be physiologically more appro-
priate for filling to occur at a rate commensurate with mitral
stroke volume rattler than end-diastolic volume .
Previous comparisons of Doppler echocardiographic filling
variables. Doppler echocardiographic-derived filling varia-
bles have previously been validated against invasive and
noninvasive
techniques, Rokey et al . (5) found good corre-
lations between absolute peak filling rate and peak filling rate
normalized to end-diastolic volume when angiographic tech •
niques were compared with Doppler echocardiography
. De-
spite these good results they suggested that the main limita-
tion in assessing filling rate bypoppler echocardiography
was related to the determination of mitral annular cross-
sectional area and end-diastolic volume by two-dimensional
echocardiography . This opinion was confirmed by Friedman
et al. (6), who compared Doppler echocardiography and
radionuclide angiography and found good correlations be-
tween Doppler filling variables that were independent of
diameter measurements, but a poor correlation between
Doppler and radionuclide peak filling rates normalized to
end-diastolic volume
. By comparing Doppler echocardiog-
raphy and radionuclide angiography, Spirito et al. (7) also
found good correlation between filling ratios and diastolic
filling periods when the isovolumetric filling period was
included in the Doppler echocardiographic measurement
.
They did not, however, compare any measure of absolute or
normalized peak filling rate and suggested that because of
errors involved in quantitative echocardiographic determi-
nation of mitral anulus cross-sectional area and ventricular
volumes, peak filling rate normalized to end-diastolic volume
would be of limited clinical value.
Study limitations . The primary aim of this study was to
validate a Doppler echocardiographic method for deriving
peak filling rate normalized to mitral stroke volume and to
assess potential advantages of this normalization process for
Doppler echocardiography and radionuclide angiography
.
We did not attempt to assess the efficacy of peak filling rate
normalized to mitral stroke volume in identifying patients
with diastolic dysfunction or to compare this normalization
method with invasive indexes of diastolic function. Clearly,
further studies are required to address these questions and to
compare the relative benefits of normalization to mitral
stroke volume and to end-diastolic volume. We also recog-
nize that any measure of peak filling rate will predominantly
reflect the atrioventricular pressure gradient and therefore
will be influenced by left ventricular loading conditions, left
atria) compliance and other factors
(20) .
The assumption of a constant mitral anulus area during
diastole may introduce a small error into the calculation of
peak filling rate normalized to mitral stroke volume
. Or-
miston et al
. (21) demonstrated an increase of approximately
12% in mitral cross-sectional area from early to late diastole .
This error would be minimized, however, if the average
mitral anulus cross-sectional area during diastole equaled the
JACC Vol. 12 . No.4
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cross-sectional area at early peak filling velocity . It appears
from the data of Ormiston et al . that this may indeed be the
case . Furthermore, the excellent correlation between Dop-
pler peak filling rate and peak filling rate measured using a
radionuclide technique (which does not share the assump-
tion of a constant mitral anulus area) implies that there is no
significant error in this assumption .
To assess a normal range of values for this filling index,
we have examined only a small group of normal subjects
;
further studies would be required to accurately define an
age-corrected lower limit of normal . We also cannot exclude
that some of these older "normal" patients had ischemic
heart disease despite lack of symptoms.
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